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Abstract

The reaction of Li[(TAML)CoIII]•3H2O (TAML = tetraamido macrocyclic tetraanionic ligand) 

with iodosylbenzene at 253 K in acetone in the presence of redox-innocent metal ions (Sc(OTf)3 

and Y(OTf)3) or triflic acid affords a blue species 1, which is converted reversibly to a green 

species 2 upon cooling to 193 K. The electronic structures of 1 and 2 have been determined 

by combining advanced spectroscopic techniques (X-band EPR, ENDOR, XAS/EXAFS, and 

MCD) with ab initio theoretical studies. Complex 1 is best represented as an S = 1/2 [(Sol)

(TAML•+)CoIII---OH(LA)]– species (LA = Lewis/Brønsted acid and Sol = solvent), where an 
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S = 1 Co(III) center is antiferromagnetically coupled to S = 1/2 TAML•+, which represents 

a one-electron oxidized TAML ligand. In contrast, complex 2, also with an S = 1/2 ground 

state, is found to be multiconfigurational with contributions of both the resonance forms [(H-

TAML)CoIV=O(LA)]– and [(H-TAML•+)CoIII=O(LA)]–; H-TAML and H-TAML•+ represent the 

protonated forms of TAML and TAML•+ ligands, respectively. Thus, the interconversion of 1 and 

2 is associated with a LA-associated tautomerization event, whereby H+ shifts from the terminal 

-OH group to TAML•+ with the concomitant formation of a terminal cobalt-oxo species possessing 

both singlet (SCo = 0) Co(III) and doublet (SCo = 1/2) Co(IV) characters. The reactivities of 1 and 

2 at different temperatures have been investigated in oxygen transfer (OAT) and hydrogen atom 

transfer (HAT) reactions to compare the activation enthalpies and entropies of 1 and 2.

Graphical Abstract

INTRODUCTION

The intimate knowledge of the mechanism by which a homogeneous catalyst operates 

is crucial to improve the catalyst’s performance through rational modification. In our 

continuous efforts towards achieving carbon-free energy sources, in particular in the context 

of catalytic water splitting schemes,1–35 the knowledge of how archetypical ligands based 

on oxygen bound at the metal center, such as oxo, hydroxo, superoxo, and (hydro)peroxo, 

are transformed within a transition metal’s coordination sphere can provide basic knowledge 

concerning these fundamental transformations.

Recently, several reports have detailed the effectiveness of molecular cobalt complexes as 

catalysts for water-splitting reactions.36–50 Although the homogeneity of these reactions 

has been convincingly established in many cases,51–55 the harshness of the reaction 

conditions and the transient nature of some intermediates made it challenging to establish 

the structural properties of the species involved along the catalytic pathway, which resulted 

in an ambiguous reaction mechanism.36–50 The interconversion between cobalt-oxo and 

cobalt-hydroxo species56–58 are particularly relevant for their proposed role in artificial 

water oxidation. However, there is a lack of direct evidence for either of these species under 

catalytic turnover reaction conditions. Electronic structures and reactivities of molecular 

complexes containing Co-oxo/hydroxo cores can also provide detailed mechanistic insights. 

However, examples of well-characterized molecular cobalt-oxo cores are rare, presumably 
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because of their electronic instability in tetragonal symmetry. This phenomenon is known 

as the “oxo wall”.59–64 Similarly, the generation of cobalt-hydroxide cores is hampered 

by the inherent instability of the terminal hydroxide complexes against the formation of 

oxo-bridged clusters.

In recent years, a few cobalt-oxo complexes stable enough for spectroscopic characterization 

have been successfully synthesized by employing non-tetragonal fields and/or by utilizing 

the stabilizing interaction provided by Lewis or Brønsted acids (Scheme 1). As far 

as high-valent Co(IV)-oxo complexes are concerned, [(13-TMC)CoIV(O)]2+ (13-TMC = 

1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane)65 and [(12-TBC)CoIV(O)]2+ (12-TBC 

= 1,4,7,10-tetrabenzyl-1,4,7,10-tetraazacyclododecane)66 constitute the best characterized 

terminal Co(IV)–oxo complexes to date, which are both stabilized by secondary interactions 

provided by Brønsted acid. However, the proposed role of Lewis acids in the stabilization 

of CoIV-oxo cores is still ambiguous. In 2011, [(TMG3tren)CoIV(O)]2+–Sc3+ (TMG3tren 

= tris[2-(N-tetramethylguanidyl)ethyl]amine) was reported by one of us and proposed to 

contain an S = 3/2 CoIV-O motif based on electron paramagnetic resonance (EPR), X-

ray absorption spectroscopy (XAS), extended X-ray absorption fine structure (EXAFS), 

and density functional theory (DFT) calculations.67 Later, Borovik and co-workers 

synthesized a [(MST)CoIII(μ-OH)]2+–Ca2+ {MST =N,N′,N″-[2,2′,2″-nitrilotris(ethane-2,1-

diyl)]tris(2,4,6-trimethylbenzenesulfonamido)} complex68 and observed that its geometric 

and spectroscopic properties are similar to those previously reported for 

[(TMG3tren)CoIV(O)]2+–Sc3+;67 accordingly, an alternative [(TMG3tren)CoIII(OH)]+–Sc3+ 

assignment was suggested with a hydroxide ligand bridging the cobalt and scandium 

centers. A [(TAML)CoIV(O)]2––Sc3+ (TAML = tetraamido macrocyclic tetraanionic ligand) 

complex was also reported to contain a CoIV–O core based on XAS/EXAFS analyses.69,70 

However, since the TAML ligand is non-innocent as demonstrated by Collins and others,71–

75 questions remained with respect to the actual presence of a Co(IV) center in this complex. 

Furthermore, the EPR spectrum of [(TAML)CoIV(O)]2––Sc3+ proved to be ambiguous. 

We initially assigned a highly rhombic signal with gx = 2.57, gy = 2.16, and gz = 

2.03 to [(TAML)CoIV(O)]2––Sc3+. However, based on further studies, we concluded that 

[(TAML)CoIV(O)]2––Sc3+ rather exhibits an isotropic signal at g ≈ 2.0 at 5K. This is, 

nevertheless, inconsistent with the expected rhombic/axial signal with a significant deviation 

from g ≈ 2.0 for an S = 1/2 Co(IV) center containing a metal-based radical,69,70,76,77 and the 

origin of the initially observed rhombic EPR signal stayed unclear.

Herein, we have approached the problem of the existing ambiguity related to the EPR 

spectrum of the [(TAML)CoIV(O)]2––Sc3+ motif by re-investigating in detail the electronic 

structure of the product(s) formed in the reaction of [(TAML)CoIII]– and iodosylbenzene 

(PhIO) in the presence of Lewis or Brønsted acids. Combining advanced spectroscopies, 

such as X-band EPR, electron nuclear double resonance (ENDOR), XAS/EXAFS, magnetic 

circular dichroism (MCD), and resonance Raman (rRaman), and theoretical studies, we 

make an unambiguous assignment of the electronic structures of the two species showing 

rhombic and isotropic S = 1/2 EPR signals, respectively. We demonstrate that, in contrast to 

our previous [(TAML)CoIV(O)]2––Sc3+ assignment, the electronic structures of the products 

formed are highly multiconfiguration. The oxidation process involves both TAML and 

cobalt based oxidations, yielding interconvertible [(Sol)(TAML•+)CoIII---OH(LA)]– and 
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[(H-TAML•+)CoIII=O(LA)]– or a different resonance form [(H-TAML)CoIV=O(LA)]– with 

distinct spectroscopic and reactivity properties (Scheme 2).71c It should be noted that the 

H of the OH group of 1 comes from H2O that contains in Li[(TAML)CoIII]•3H2O. The 

reversible interconversion between CoIII---OH and CoIV=O (or CoIII=O) forms is dependent 

on temperature and on LA and involves an intramolecular electron transfer between TAML•+ 

and Co(III), and proton transfer between the hydroxo and TAML ligands together with 

a concomitant change of the spin-state of Co(III) from S = 1 to S = 0 (or S = 1/2 

Co(IV)). Such a LA-assisted interconversion between metal-oxo and -hydroxo forms, which 

are often proposed to play as key intermediates in the catalytic oxidation of water to 

give molecular oxygen,78–82 may emphasize the importance of intramolecular electron 

and proton movements in chemical and biological oxidation reactions. Our finding of the 

reversible interconversion between CoIII---OH and CoIV=O (or CoIII=O) forms, has allowed 

us to make a rare comparison of the reactivity of the two redox tautomers in oxygen atom 

transfer (OAT) and hydrogen atom transfer (HAT) reactions.

RESULTS AND DISCUSSION

Addition of PhIO (3 equiv) to an acetone solution of Li[(TAML)CoIII]•3H2O at 253 K 

did not lead to any reaction, as evidenced by observing no spectral change in the UV-vis 

absorption spectrum (data not shown). However, the presence of redox-inactive metal ions 

(Sc(OTf)3 or Y(OTf)3; 2 equiv) or triflic acid (HOTf; 5 equiv) afforded the formation of a 

blue species 1 with a strong electronic absorption band at 600 nm (ε = 7200 M−1 cm−1; 

Figure 1a, blue spectrum; Supporting Information (SI), Figure S1a).69,83,84 Interestingly, 

we observed UV-vis spectral changes of the reaction solution of 1 in the presence of 

HOTf when the temperature of the reaction solution was lowered from 253 K to 193 K 

(see the spectral changes from blue spectrum to green spectrum shown in Figure 1a). A 

decay of the characteristic UV-vis band at 600 nm corresponding to 1 (Figure 1a, blue 

spectrum) was observed with the concomitant appearance in the absorption features at 353, 

700, and 950 nm corresponding to the green species, which is denoted as 2 (Figure 1a, 

green spectrum); the color of the reaction solution was also changed from blue to green. 

Interestingly, when the temperature of the reaction solution was increased from 193 K back 

to 253 K, we observed the complete regeneration of 1 (Figure 1b). These results suggest that 

the intermediates 1 and 2 are in equilibrium and these species are interconvertible depending 

on the temperature; 1 is a preferred species at a high temperature (e.g., 253 K), whereas 2 
is favored at a low temperature (e.g., 193 K) (see Scheme 2). The interconversion between 

1 and 2 was observed over several cycles (Figure 1c), and we observed the presence of both 

1 and 2 in the reaction solution at 233 K (SI, Figure S2). Finally, the equilibrium constant 

K between 1 and 2 has been determined at different temperatures and from the van’t Hoff 

plot, the heat of formation (ΔH) and entropy (ΔS) associated with the conversion of 1 to 

2 is experimentally determined to be –8.6 kcal mol–1 and –42 cal K–1 mol–1, respectively 

(Figure 2 and SI, Table S1). The K values (LA = HOTf) were found to be proportional to 

concentration of HOTf in acetone at 233 K (Figure 3 and SI, Table S2), which corroborates 

an associative mechanism (Scheme S1). Such an associative process may attribute to the 

experimentally observed negative ∆S value (–42 cal K–1 mol–1).
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EPR Spectroscopy.

The interconversion between 1 and 2 was also monitored by X-band EPR spectroscopy in 

solution, which showed no demetallation in the presence of Lewis acids.85 First, the X-band 

EPR spectrum of 1 in acetone at 273 K exhibited a broad isotropic signal at g = 2.2448 

(Figure 4a) (SI, Figure S1b). Upon lowering the solution temperature from 273 K to 193 

K, the intensity of the g = 2.2448 signal for 1 diminished, and a new signal appeared at 

g = 1.9973 for 2 and became a dominant peak (Figure 4c). Upon rewarming the reaction 

solution from 193 K to 273 K, the EPR signal at g = 1.9973 for 2 disappeared with the 

reappearance of the g = 2.2448 signal for 1 with a full intensity as shown in Figure 4a. These 

results support the occurrence of the interconversion between 1 and 2, as demonstrated in the 

UV-vis experiments. Also, as observed in the UV-vis spectrum (SI, Figure S2), the presence 

of both 1 and 2 at 233 K was confirmed by taking the EPR spectrum of the reaction solution 

(Figure 4b). Thus, based on the UV-vis and EPR data, we conclude that there are two 

interconvertible Co intermediates that are in equilibrium and that the conversion from 1 to 2 
requires the association with HOTf (LA) as shown in Scheme S1. Accordingly, the ratio of 1 
vs 2 is found to be dependent on the reaction temperatures, as well as on the acid-strength of 

LA.

Complexes 1 and 2 could also be isolated in pure form as frozen solutions, and EPR 

measurements at 5K provided further insights into their electronic structures. The EPR 

spectrum of a frozen acetone solution of the green species 2, showed a nearly isotropic 

signal at gz = 2.0090, gx = 1.9998, and gy = 1.9840 with well-resolved 59Co hyperfine 

splittings of Az = 3 MHz, Ax = 76 MHz, and Ay = 8.4 MHz (Figure 5a; SI, Figure S3). 

Notably, the average value (ACo = 29 MHz) of the Az, Ax, and Ay values obtained for 2 in 

frozen solution agrees with the A value of 2 in solution (ACo = 28 MHz) at 193 K within 

an experimental error (under similar conditions in the presence of HOTf in acetone). This 

indicates that the sign of the Az, Ax, and Ay values of 2 is all positive and the EPR spectra 

obtained in solution (Figure 4c) and frozen (Figure 5a) states correspond to identical species 

2. It should be noted, however, that the 59Co hyperfine splitting values of 2 in the presence 

of HOTf (Az = 3 MHz, Ax = 76 MHz, and Ay = 8 MHz) are similar but clearly different 

from those of 2 prepared in the presence of Sc(OTf)3 (2-Sc3+; Az = 6 MHz, Ax = 87 MHz, 

and Ay = 16 MHz) (SI, Figure S3). The 59Co hyperfine splitting values of 2 prepared in 

the presence of Y(OTf)3 (2-Y3+; Az = 3 MHz, Ax = 101 MHz, and Ay = 14 MHz) are 

also different from those of 2 prepared in the presence of HOTf or Sc(OTf)3 (SI, Figure 

S3). Such a difference in the 59Co hyperfine splitting values of 2 depending on Lewis and 

Brønsted acids indicates that Lewis and Brønsted acids interact with the terminal oxo group 

of 2 (vide infra). Finally, upon rewarming the frozen solution to 193 K, the g = 1.9973 signal 

as shown in Figure 4c was obtained with a full intensity, further confirming that the species 

isolated in frozen and solution states represent identical species and no decay of 2 occurs 

during the freeze/thaw process.

The EPR spectrum of a frozen TFE/acetone (v/v = 19:1) solution of the blue species 1 
(generated in the presence of Y(OTf)3) reveals a rhombic signal with gz = 2.6011, gx = 

2.1095, and gy = 2.0268 and a well resolved 59Co hyperfine splitting of Az = 3 MHz, Ax = 

65 MHz, and Ay = 3 MHz (Figure 5b), which is clearly distinct from 2. It should be noted 
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that the average value of the Az, Ax, and Ay values (ACo = 24 MHz) of 2 under frozen 

conditions at 5K again agrees with the A value obtained in solution at 273 K (ACo = 24 

MHz) (Figure 4a), thereby confirming that the electronic structure of 1 remains unaltered in 

solution and frozen states. This further indicates that the sign of the Az, Ax, and Ay values of 

1, similar to the case of 2, is also all positive. Please note that complex 1 could be isolated in 

pure form in frozen state only in the presence of Y(OTf)3 and TFE. As shown in Scheme S1 

the conversion of 1 to 2 is initiated by the association of the Lewis (LA)- or Bronsted(BA)- 

acids, followed by the concomitant electron- and proton-transfer processes (Scheme S1). 

Thus, in addition to temperature, the relative concentration of 1 and 2 in the reaction is also 

dependent on the acid strength of LA/BA. In presence of a strong acid like HOTf both 1 and 

2 could be observed in equilibrium in an acetone solution in the temperature range 193 – 273 

K (Figure 1, Figure 4). In the case of a weaker acid like Sc(OTf)3 or Y(OTf)3 in acetone, the 

conversion of 1 to 2 was observed only in a frozen media at 77 K. Further reduction of the 

acid strength by employing Y(OTf)3 in a protic solvent like TFE ensured that the conversion 

of 1 to 2 did not occur even at 77 K, which allowed us to obtain a frozen sample of 1 in 

pure form. The Lewis acidity of Y(OTf)3 with TFE is, however, strong enough to produce 1 
by the reaction of Li[(TAML)CoIII]•3H2O with PhIO. Complex 2 was isolated in pure form 

in frozen state in the presence of other strong Lewis acids such as Sc(OTf)3, Y(OTf)3, and 

HOTf in acetone.

In addition, upon rewarming the frozen solution to 253 K, the g = 2.2248 signal, as shown 

in Figure 4a, was obtained with a full intensity (SI, Figure S4). It is noted that similar 
59Co hyperfine splitting values (ACo = 15 – 38 MHz) were reported for the resonance 

electronic structures of [(TPP)CoIV(R)(L)]+ and [(TPP•+)CoIII(R)(L)]+ (L = sixth axial base 

ligand, TPP = tetraphenylporphyrin dianion, and R = alkyl and phenyl groups) complexes 

depending on the basicity of L.86 A slightly larger 59Co hyperfine splitting value (ACo = 

42 MHz) was reported for [(DH)2CoIV(R)(L)]+ (DH– = dimethylglyoxime anion).87–89 The 

spin quantification based on the signals of 1 and 2 at 233 K accounts for the coexistence 

of both species in solution with a total of 100% yield (SI, Figure S5). This corroborates 

the quantitative conversion of Li[(TAML)CoIII]•3H2O to 1 or 2 by PhIO in the presence of 

Lewis or Brønsted acids.

CSI-MS Spectrometry.

The cold-spray ionization time-of-flight mass spectrometry (CSI-MS) measurements were 

performed for 2, which was generated in the presence of Sc(OTf)3 in acetone, exhibiting two 

prominent ion peaks at a mass-to-charge (m/z) ratio of 785.1010 and 803.1042 in negative 

mode corresponding to in situ generated cobalt(III) complexes such as [(TAML)Co(16O)

(Sc)(CH3CN)2(CH3OH)2(CF3SO3)]– (calcd. m/z = 785.1057) and [(TAML)Co(16O)(Sc)

(CH3CN)4(CF3SO3)]– (calcd. m/z = 803.1064), respectively, as reported previously.69 

CH3CN and CH3OH detected in the CSI-MS spectra came from solvents which were used to 

dissolve PhIO and Sc(OTf)3.69

These two peaks shifted by two-mass unit when PhI18O was employed in the synthesis 

of 2, thereby confirming that 2 contains one oxygen atom derived from PhIO.69 Complex 

1 also contains an oxygen atom derived from PhIO. A prominent mass peak at m/z = 
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446.1 corresponding to [(TAML)Co(16O)(H)]+ (calcd. m/z = 446.3) was observed in positive 

mode for 1 (SI, Figure S6), which was generated in acetone at 233 K in the presence 

of HOTf, which shifted by two-mass unit when PhI18O was used in the synthesis (SI, 

Figure S6, inset). Notably, [(TAML)Co(16O)(H)]+ may represent the two-electron oxidized 

form of [(TAML)Co(16O)(H)]–, which is not unusual considering the non-innocent behavior 

of the TAML4– ligand. We would like to stress again that the observed signals represent 

the stability of a particular ion under the CSI-MS conditions and may not represent the 

bulk species present in solution. The deprotonation, oxidation and the reduction processes 

observed under the CSI-MS conditions are not uncommon in the literature.90 So, the 

reported mass data cannot be used to judge the purity of the sample or to assign the 

oxidation state of metals in the sample in bulk solution. However, it unambiguously 

demonstrates the presence of one oxygen atom in both 1 and 2.

XAS Spectroscopy.

Complexes 1 and 2 were subjected to cobalt K-edge X-ray absorption spectroscopy under 

frozen conditions at 4 K (see experimental section for sample preparation; 1 is prepared by 

employing Y(OTf)3 in TFE, and 2 by employing Sc(OTf)3 or Y(OTf)3 in pure acetone). The 

Co K-edge X-ray absorption near edge spectroscopy (XANES) of [(TAML)CoIII]–, 1, and 2 
in the presence of Sc(OTf)3 and Y(OTf)3 are shown in Figure 6. It is noted that there is an 

~1.3 eV blue shift in the edge of 1 and 2 vs [(TAML)CoIII]–, indicative of significant Co(IV) 

character. The XANES of [(TAML)CoIII]– and 1 are both indicative of cobalt contained in a 

centrosymmetric coordination geometry; each contains a weak pre-edge feature at 7710.6(4) 

eV corresponding to the quadrupole allowed dipole forbidden Co(1s → 3d) transition, and 

a higher energy ill resolved shoulder at 7715.3(2) eV ([(TAML)CoIII]–) and 7717.2(2) eV 

(1) corresponding to the nominal dipole allowed Co(1s → 4p) + LMCT transition. In 

contrast, 2 in the presence of both Sc(OTf)3 and Y(OTf)3 displays an intense pre-edge 

feature at 7711.3(1) eV. As the intensity of the pre-edge feature of 2 is too great to arise 

from electric-quadrupole transitions, its intensity likely derives through Co 3d-4p mixing 

allowed by low symmetry distortions.91,92 Since electric-dipole transitions are substantially 

more intense than electric-quadrupole transitions, only a small amount of 3d-4p mixing is 

required to cause a sizable increase in pre-edge peak intensity. Further, the intensity of the 

pre-edge feature is similar to that found previously in Co-oxo complexes,65–69 suggestive of 

a short axial ligand. Analysis of the EXAFS data was consistent with this formulation.

The EXAFS region for 1 was best modeled as a 6-coordinate Co-center with 4 Co-N scatters 

at 1.82 Å corresponding to the equatorial TAML ligand, and 2 Co-O scatters at 2.3 Å 

corresponding to weakly associated OH–/acetone ligands (SI, Table S3). It should be noted 

that satisfactory solutions to the EXAFS data for 1 could also be located for a 4-coordinate 

species, and thus the square-planar coordination geometry of 1 cannot be ruled out based on 

the XAS data alone.

In the presence of Y(OTf)3, we best model 2 as a 5-coordinate species93 with 4 Co-N 

scatters at 1.84 Å and a short Co-O scatterer at 1.68 Å. In addition, a long, well-ordered 

Co•••Y vector could be located at 3.98 Å (SI, Table S4). Thus, we formulate 2 in the 

presence of Y(OTf)3 as a Co-O species with a Y3+ cation coordinated with the Co-O moiety. 
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Replacement of Y(OTf)3 with Sc(OTf)3 resulted in a similar structure; we find 4 Co-N 

scatters at 1.82 Å, 1 Co-O scatterer at 1.72 Å, and a Co•••Sc vector at 3.12 Å (SI, Table S5). 

The increase in the Co-O bond length upon replacement of Y3+ with Sc3+ is consistent with 

the observed pre-edge features; we find that the integrated area of the pre-edge transition 

of 2 in the presence of Y3+ is 11% greater than that in the presence of Sc3+. This increase 

in intensity is related to an increase in 4p character to the acceptor state, which would be 

expected for a contraction of the Co-O bond length, which is reflected in the contraction of 

the Co-O bond length by 0.04 Å.

Pulse EPR Spectroscopy.

Further evidence for the presence of a terminal Co=O unit in 2 but not in 1 comes from 

multi-technique pulse EPR spectroscopic measurements (Figure 7; SI, Figure S7). The 34 

GHz Davies 17O ENDOR spectra of 2, generated in the presence of PhI17O and Sc(OTf)3 in 

acetone, exhibit two ENDOR frequencies centered at the Larmor frequency of 17O ( N ≈ 7 

MHz) as shown in Figure 7a, which are absent in the corresponding spectra of the complex 

generated in presence of PhI16O (SI, Figure S8; black line), thereby confirming their origin 

from the coupling of the 17O nucleus to the cobalt ion. A hyperfine tensor A = [4.7, 7.1, 7.1] 

MHz was determined from the separation of the two peaks, which is comparable with the 

reported hyperfine values of 4 – 7 MHz for the oxygen atom of metal-oxo complexes.94–96 

The determined isotropic hyperfine coupling constant, |Aiso(17O)| ≈ 6.3 MHz, corresponds 

to a spin-density of only 5% at the 17O nucleus, which is much less than expected for an 

oxyl radical.97 Notably, no signals were detected in the ENDOR spectra of the 17O-labeled 

1, which is in full consistence with the XAS data that reveal a much longer Co-O(H) 

separation in 1, as compared to that in 2.

Along with the 17O ENDOR, we have successfully detected the 17O signal using 9 GHz 

HYSCORE. The HYSCORE spectrum taken at 348.4 mT is displayed in Figure 6b. The 

(–,+) quadrant shows a cross-peak at (–1.3, 5.3) MHz, which was not observed in the 

spectrum of the complex prepared by presence PhI16O (SI, Figure S9). These results 

strongly suggest that the cross-peak arises from the 17O nucleus coupled to the cobalt ion. 

The cross-peak is split by approximately twice the Larmor frequency of 17O and is centered 

at ~A/2, which gives an estimate of the hyperfine coupling of 17O. The resulting simulation 

data using the Hamiltonian parameters obtained from the 17O Davies ENDOR nicely match 

the experimental data (Figure 7b). The quadrupole tensor should be small;97 otherwise, the 

line shape of the cross-peak cannot be reproduced in the simulation.98

Magnetic Circular Dichroism Spectroscopy.

MCD measurements provided further insights into the electronic structures of 1 and 2. 

Prior to oxidation, the purple square planar [(TAML)CoIII]– complex displays a major 

electronic absorption band at 19700 cm–1, which is accompanied by the intense derivative-

shaped MCD features (Figure 8, purple trace; SI, Figure S10). These indicate that at least 

two different electronic transitions contribute to the major absorption band, exhibiting the 

maximum intensities at 40 K and diminishing at lower temperatures (SI, Figure S11a). This 

magnetization behavior was fitted with an S = 1 Co(III) center with a positive zero-field 

splitting (D) of ~48 cm–1 (SI, Figure S11b),99 which is comparable to the value previously 
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obtained for other square-planar S = 1 Co(III) complexes.100 The pseudo-A term MCD 

feature indicative of the presence of near-degenerate Co dxz- and dyz- based SOMOs is 

also observed in 1, which suggests that the Co(III) oxidation state and SCo = 1 spin state 

are retained in 1. However, compared to [(TAML)CoIII]–, 1 displays additional absorption 

and MCD features at energies below 16000 cm–1 (Figure 8, blue trace; SI, Figure S12). 

These features are associated with new ligand-based transitions, where the acceptor MO is a 

TAML-based hole generated upon oxidation of [(TAML)CoIII]– to form [(TAML+•)CoIII]–, 

supporting the redox non-innocence of the TAML ligand (Figure S13). Complex 2 displays 

near-IR absorption and MCD features similar to 1, although it lacks the pseudo-A MCD 

feature in the visible region (Figure 8, green trace; SI, Figure S14). This presumably 

indicates a change in spin state from SCo=1 in 1 to SCo=0 for the Co(III) state in 2, which is 

also supported by theoretical studies (SI, Figure S13).

Resonance Raman Spectroscopy.

rRaman spectra of 1 and 2 did not show any 16/18O-isotope sensitive bands that could 

be assigned to the Co=O vibrations. However, compared to the rRaman spectrum of 

[(TAML)CoIII]– (Figure 9a, violet trace), those of 1 (Figure 9a, blue trace) and 2 (Figure 

8a, green trace) display new features at ~1100 and ~1700 cm–1, ascribed to the vibrations 

associated with the amidate moiety of the oxidized TAML ligand (Figure 9c; see Theoretical 

Studies below), that are significantly shifted from that of [(TAML)CoIII]– (Figure 9a, violet 

trace). Moreover, 2 exhibits two new low-energy rRaman features at 620 and 698 cm–1. 

These signals are sensitive to deuterated perturbation and gain in intensity because of the 

distortions associated with the protonation on amido nitrogen of the TAML ligand (SI, 

Figure S15).

Theoretical Studies.

The spectroscopic observations described above reveal that despite their equal composition, 

1 and 2 exhibit significant differences in their electronic and geometric structures. Based on 

theoretical studies we propose that structurally, the two complexes differ in their protonation 

site.101 While 1 is protonated at the oxo ligand, thereby creating a hydroxo moiety, 2 is 

most likely protonated at one of its amido groups of the TAML ligand (see Scheme 2 

and SI, Figure S16).102 In agreement with the above results from EXAFS, our geometry 

optimizations at the DFT level of theory predict an increase of the average Co–N distance by 

0.08 Å upon such a proton shift (see SI, Table S6). Moreover, the predicted Co–O distance 

decreases from 2.11 Å in 1 to 1.85 Å in 2, thus showing the same trend as the EXAFS 

fitted Co-O distances. The Co–O bond distance in 1 is found to be slightly elongated by 

0.02 Å when a solvent molecule acetone weakly binds to the Co-moiety (see discussion 

below). It should be noted that while the trend of the EXAFS estimated Co-O bond lengths 

is correctly reproduced, the absolute values deviate notably (SI, Table S6). This discrepancy 

is frequently encountered in metal-oxo chemistry.103–105 Nevertheless, the potential energy 

surface (PES) of these complexes along the Co–O bond vector is nearly flat, and the energy 

required for fitting the EXAFS-determined Co–O bond lengths lies within ~2 kcal mol–1 

for both complexes (SI, Figure S17). Such a finding is entirely consistent with the above 

findings that different Lewis acids have a large impact on the axial Co-O bond of 2.
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We have proposed above the aliphatic amido-site as the most likely proton acceptor for the 

following reasons. The rapid interconversion between 1 and 2 would necessitate a readily 

available proton source that would not be provided by acetone, which is an aprotic solvent. 

Thus, ligand protonation seems most likely. Paramagnetic resonance studies rule out the 

short oxo-ligand of 2 as being protonated. Of the remaining basic sites found in 2, the 

TAML aliphatic amido nitrogen is the most basic – protonation of that nitrogen is ~19.5 

kcal/mol more stable than protonation of other basic sites (SI, Table S7).

Although the PES for the axial Co-O bond of 1 and 2 is nearly flat, the character and 

geometric arrangement of the axial ligand have a critical influence on the electronic 

structure of the Co center. A square pyramidal ligand field, as imposed by the TAML 

and hydroxo ligands, splits the Co d-orbitals according to (dxy), (dxz, dyz), (dz
2), and 

(dx
2
-y

2), as illustrated in Figure 10. Clearly, the energetic order of the orbital groups and 

hence potential ground state configurations are determined by the relative strength of the 

axial and equatorial ligand field. Furthermore, the TAML frontier π and π* orbitals allow 

for an easy charge transfer between the metal and the ligand, thereby giving 1 and 2 
access to an additional set of low-lying electronic configurations. Hence, various electronic 

configurations with the Co center in different oxidation states could potentially contribute 

to the electronic ground states of 1 and 2. This assessment is in line with the findings of 

Meeus et al.,106 who found the ground state of a structurally related Co complex to also be 

of highly multiconfigurational character.

Figure 10 depicts a set of configurations that we found to be important in fully describing 

the electronic structures of 1 and 2. Moreover, Table 1 lists the most important contributions 

from these configurations to the electronic ground states of 1 and 2 (SI, Tables S8 – S10). 

According to our NEVPT2 (13,9) calculations for 1 with a constrained Co–OH bond length 

of 2.40 Å, the electronic ground state is dominated by configuration C that corresponds to 

a Co(III) center with a local spin of SCo = 1 that is antiferromagnetically coupled to the SL 

= 1/2 spin of a ligand-based radical. While this ground state composition nicely explains the 

observed MCD spectrum (see Figure 8) on account of the two holes in the (dxz, dyz) shell, 

it does not infer the measured g-tensor. While ‘in-state’ spin-orbit coupling (SOC) through 

the l z operator is impossible owing to the occupation pattern, coupling through the l x or l y

components of the SOC operator to other, excited configurations is effectively diminished 

by large energy separations according to our results. Therefore, an isotropic g-tensor (giso 

= 2.00) is predicted which contradicts the experimental observation. Strong SOC leading 

to a rhombic g-tensor with one large g-value may arise from configurations with only 

a single hole in a near-degenerate (dxy, dyz) orbital shell, as presented in configuration 

B.107 The importance of configuration B relative to configuration C is expected to grow 

with increasing axial ligand field strength, since this infers destabilization of the dz
2-orbital 

relative to the (dxz, dyz) orbital shell. Following this argument, a solvent molecule has 

been added to the computational model in an axial position. Such an addition is well 

in line with the diminished Co K pre-edge intensity of 1, which is demonstrated by the 

calculated spectra shown in SI, Figure S18. On account of the weak σ-donor character of 

the solvent, the Co–O bond distance is predicted to be rather long (3.0 – 3.2 Å depending 

on the Co–OH bond distance), indicating a weak bonding. However, the altered ligand 
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field induces a significant shift of the ground state composition. With a fixed Co–OH 

bond distance of 2.50 Å, the electronic ground state features significant contributions from 

configurations B (29%) and C (20%) as well as configuration A (28%) that has Co(II) 

character. Importantly, two low-lying excited states are predicted at 1844 and 3150 cm–1, 

respectively, giving rise to strong SOC effects, which in turn leads to a rhombic g-tensor 

with g values of 1.91, 2.32, and 2.99. Furthermore, owing to the considerable contributions 

from configuration C with two holes in (dxz, dyz) orbital shell, this ground state composition 

also agrees well with the observed MCD spectrum of 1. At this point, it should be noted that 

the ground state composition and hence the calculated g-values vary with the Co–O bond 

distance (see Supporting Information). Notwithstanding the inherent methodological error 

sources and the concomitant numerical uncertainties concerning the actual values of Co–O 

bond lengths, our results clearly demonstrate that only a multiconfigurational ground state 

with significant contributions from configurations B and C is able to conclusively explain 

all spectroscopic observations. Moreover, the delicate connection between the axial field 

strength and the ground state composition renders the inclusion of a weakly bound sixth 

ligand in 1 necessary.

For the electronic ground state of 2, Co(III)L• configuration D is important. Owing to its 

lack of low-lying excited states and hence any strong SOC effects, the calculated g-tensor 

shows little rhombicity and a giso value of 2.08. This demonstrates that the protonation 

site dramatically influences the local electronic structure at the metal center. In addition, 

considerable contributions from configuration E with Co(IV) character are predicted.

Time-dependent density functional theoretical (TDDFT) calculations could also reproduce 

the experimental trends in MCD. For Li[(TAML)CoIII]•3H2O, the major absorption band 

can be assigned to charge transfer (CT) transitions from TAML to the near-degenerate 

(dxz)1(dyz)¹ orbitals, which are strongly spin-orbit coupled to exhibit the pseudo-A term 

MCD feature (SI, Table S11 and Figure S10). This pseudo-A term feature is retained in the 

spectra of 1 because of the presence of spin-orbit coupled near degenerate (dxz)²(dyz)¹(dz
2)¹

(Lπ*)¹ and (dxz)¹(dyz)²(dz
2)¹(Lπ*)¹ states, as also evidenced from the large g3 tensor in the 

X-band EPR spectrum (SI, Table S12 and Figure S12). The orbital degeneracy is, however, 

lifted in 2, containing a low-spin Co(III) center, which explains the lack of any pseudo-A 

term feature in the spectrum of 2 (SI, Table S13 and Figure S14). The additional low energy 

features observed in 1 and 2 are intra-ligand charge transfer transitions associated with a 

TAML-based SOMO.

The redox-active HOMO of [TAML)CoIII]– is C=O π*-antibonding and C-N π-bonding in 

character (Figure 9b), which explains the experimental trends in the rRaman spectra. Upon 

oxidation, the C=O and C-N stretching vibrations of the carboxamide groups adjacent to the 

phenyl ring can shift up by 58 cm–1 and down by 246 cm–1, respectively, in 1 and 2, which 

explain the presence of the additional bands at 1100 and 1700 cm–1 (Figure 9). Complex 

2 exhibits additional new low energy rRaman features, which, as shown in SI, Figure S15, 

gain intensity because of the distortions associated with the protonation of the TAML ligand.
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Reactivity Studies of 1 versus 2.

The reactivity of 1 at 298 K was reported previously.69 In this study, we compared 

the reactivities of 1 and 2 in oxygen atom transfer (OAT) and hydrogen atom transfer 

(HAT) reactions under the identical conditions (see Experimentation Section for reaction 

conditions). First, the OAT reactions by 1 and 2 were investigated. When thioanisole was 

added to the reaction solutions of 1 and 2 at 233 K, both 1 and 2 disappeared with the 

time traces showing the first-order kinetics profiles. We also found that the rate constants 

increased linearly with the increase of the thioanisole concentration, affording the second-

order rates of 2.2 M–1 s–1 for 1 and 9.7 × 10–2 M–1 s–1 for 2 (SI, Figures S19b and 

20b). The latter results demonstrate that the reactivity of 1 is ~23 times greater than 

that of 2 in OAT reactions. The second-order rate constants (k2) for the OAT reactions 

of 1 and 2 with para-X-substituted thioanisoles, p-X-C6H4SCH3 (X = OMe, Me, H, F, 

and Cl) were also determined in acetone at 233 K (SI, Table S14 and Figures S19 and 

S20). Since the first-order rate constants of 1 and 2 were proportional to concentrations 

of para-X-substituted thioanisoles, interconversion between 1 and 2 was much slower than 

OAT reactions in determination of the k2 values. The electrophilic nature of 1 and 2 in 

OAT reactions were determined by Hammett plot of the second-order rate constants against 

Hammett parameter (σp) of para-X-substituents, affording the ρ values of –2.4 for 1 and 

–7.6 for 2 (Figure 11).108,109 The ρ value of –2.4 for 1 agrees well with that reported for 1 
obtained by the reaction of [(TAML)CoIII]– with PhIO in the presence of Sc(OTf)3 instead 

of HOTf in acetone.69 The larger ρ value for 2 as compared with 1 is consistent with the 

expected higher electrophilicity of a CoIII/IV=O moiety in 2 as compared to a CoIII-OH 

moiety in 1. Plots of log k2 vs the one-electron oxidation potentials (Eox) of para-substituted 

thioanisoles are shown in Figure S21 (SI, Table S14), where 2 affords a large slope of –9.1, 

in contrast, 1 affords a smaller slope (– 4.9). The negative slopes indicate that the reactions 

are electrophilic; however, it should be noted that the larger slope does not necessarily 

mean more electrophilic (or more contribution of electron transfer) because of different 

compensation effects of activation entropies depending on oxidants and temperature.90

The more entropy-controlled OAT reactivity of 1 as compared with 2 is shown in the Eyring 

plot of the k2 values of OAT from 1 (blue line) and 2 (green line) to thioanisole in Figure 

12 and Table S15, where the ΔS‡ value for 1 (ΔS‡ = –32 cal K–1 mol–1) is significantly 

less negative than 2 (ΔS‡ = –41 cal K–1 mol–1). On the other hand, the activation enthalpy 

for 1 (ΔH‡ = 5.6 kcal mol–1) is larger than 2 (5.0 kcal mol–1) of OAT. Such difference in 

the ΔH‡ and ΔS‡ values between 1 and 2 may result from the difference in the electronic 

configurations between 1 and 2 (vide supra). Whereas 1 is predominantly [(TAML•+)CoIII-

OH]– with a non-innocent TAML ligand, complex 2 has significant [(TAML-H)CoIV=O]– 

character (Scheme 2 and Figure 10). Thus, the O-atom transfer reaction by 1 requires the 

electron-transfer reduction of the TAML•+ ligand, the concomitant S–O bond formation and 

deprotonation of the O–H bond. The ΔS‡ value is therefore less negative (–32 cal K–1 mol–1) 

in OAT mediated by 1, because of the higher contribution of the electron transfer pathway.90 

In contrast, a concerted OAT from the [(TAML-H)CoIV=O]- moiety of 2 may have more 

geometrically restricted transition state to afford the more negative ΔS‡ (–41 cal K–1 mol–1) 

and smaller ΔH‡ value (5.0 kcal mol–1).
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The product analysis by ESI-MS and EPR spectroscopy of the reaction solutions of 1 and 

2 with thioanisole showed the formation of [CoIII(TAML)]– (SI, Figures S22 and S23). 

GC and GC-MS data of the oxidation of thioanisole by 1 and 2 revealed the formation of 

methyl phenyl sulfoxide. In addition, the 18O-labeling experiments performed with 1-18O 

and 2-18O revealed that the oxygen atom in the methyl phenyl sulfoxide contained 33(3)% 

and 55(3)% 18O, respectively (SI, Table S16 and Figures S22 and S23). As mentioned 

in the Experimental Section, labelled H2
18O is used to prepare PhI18O. It is not possible 

to exchange 100 % of PhIO to PhI18O. Thus, due to residual PhIO, 16O-labelled 1 or 

2 is generated, reacting with thioanisole to produce 16O-labelled methyl phenyl sulfoxide 

product. It is noted that the degree of the 18O-incorporation into 1 or 2 depends on 

the relative rates of the 18O-exchange between PhIO and H2
18O. Thus, the higher 18O 

incorporation for 2 as compared with that for 1 may result from the faster 18O exchange of 

2 with H2
18O or the slow reaction between 2 and thioanisole. In the latter case, 2 has more 

time to exchange with H2
18O to form 18O-labeled 2, giving a high 18O-incorporation into 

the methyl phenyl sulfoxide product.

We also investigated HAT reactions by 1 and 2. The rate constants of HAT from 1,4-

cyclohexadiene to 1 and 2 were determined at 233 K (SI, Figure S24). The decay profiles of 

1 (SI, Figure S24a) and 2 (SI, Figure S24c) showed the first-order kinetics. The second-order 

rate constant of HAT of 1 in acetone at 233 K (SI, Figure S24b) is 44 times larger than that 

of 2 under the same reaction conditions (SI, Figure S24d).36 HAT reactions of 1 and 2 were 

also compared using 2,6-di-tert-butyl phenol (2,6-DTBP) as a hydrogen donor (SI, Figure 

S25 and Figure S26). The second-order rate constants (kox) were determined and listed in 

Table S17. Eyring plots (log(k2/T) vs T–1) of HAT reactions from 2,6-DTBP to 1 and 2 are 

shown in Figure 13, where the intercepts and slopes afforded the activation enthalpies (ΔH‡ 

= 8.0 kcal mol–1 for 1 and 5.0 kcal mol–1 for 2) and the activation entropy (ΔS‡ = –21 cal 

K–1 mol–1 for 1 and –39 cal K–1 mol–1 for 2). The smaller ΔH‡ value for 2 may result from 

the more favorable proton transfer pathway from 2,6-DTBP to the oxo moiety of 2 than that 

to the hydroxo moiety of 1, coupled with the subsequent electron transfer step. The smaller 

ΔH‡ value for 2 is compensated by the more negative ΔS‡ value for 2.

In contrast, the proton-transfer pathway from 2,6-DTBP to the oxo moiety of 2, coupled 

with electron transfer to the Co(IV) moiety, requires more geometrical restriction as 

compared with electron transfer, resulting in the more negative ΔS‡ value for 2. Notably, the 

difference in the activation entropies due to the difference in the electronic configurations 

between 1 and 2 is more pronounced for HAT reactions (ΔS‡ = –21 cal K–1 mol–1 for 1 and 

–39 cal K–1 mol–1 for 2) than in OAT (ΔS‡ = –32 cal K–1 mol–1 for 1 and –41 cal K–1 mol–1 

for 2).

In HAT reactions conducted by 1 and 2, the inorganic product was characterized using 

ESI-MS and EPR, revealing it to be Co(III) (SI, Figures S27-30). Simultaneously, the 

organic product was identified through GC analysis (SI, Table S16).
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CONCLUSION

In a previous study we reported the formation of a highly reactive low-spin (S = 

1/2) CoIV=O intermediate in the reaction of [(TAML)CoIII]- with PhIO in the presence 

of various LAs. The CoIV=O assignment was made based on UV-vis absorption and 

reactivity studies in solution phase and spectroscopic characterizations (EPR and XAS) 

under frozen conditions. Based on the present study, we now show that the species 

characterized in solution and in frozen states are different. That is, we have identified 

two temperature dependent interconvertible cobalt-oxygen TAML intermediates; a blue 

species [(Sol)(TAML•+)CoIII---OH(LA)]– (1) where the oxo moiety is protonated to form 

a hydroxide complex at higher temperatures (e.g., 253 K) and is converted to a green species 

(2) at low temperatures (e.g., in frozen media), as shown in Scheme 2. The assignment 

of the blue species 1 was made based on XAS, MCD, EPR and ENDOR techniques. 

For the green species 2, EXAFS, MCD, pulsed EPR, and ENDOR measurements support 

the multiconfiguration character of the electronic structure with contributions of the [(H-

TAML•+)CoIII=O(LA)]– state, where a low-spin S = 0 CoIII center is bound to a one-electron 

oxidized TAML ligand, which is protonated and also the [(H-TAML)CoIV=O(LA)]– state. 

The CoIV character in 2 is well manifested by the large 59Co hyperfine splitting values, 

which are slightly different depending on Lewis acids, such as HOTf, Sc(OTf)3, and 

Y(OTf)3. A little oxyl character of 2 has also been clearly indicated by the small 17O 

hyperfine splitting detected by ENDOR. At elevated temperatures, 2 tautomerizes to [(Sol)

(TAML•+)CoIII---OH(LA)]– (1), whereby H+ moves from the H-TAML backbone to the 

oxo moiety with the concomitant change in the spin-state of Co(III) to S = 1. While the 

Co(IV) state (E in Figure 11) contributes to the electronic structures of both 1 and 2, 

its contribution is significantly higher for the latter complex with a short Co=O distance. 

Complexes 1 and 2 can also be generated by employing other Lewis and Brønsted acids. 

A temperature-dependent reversible interconversion in solution has been identified in the 

presence of Brønsted acid in the temperature range of 193 K to 253 K. Not only the 

reactivity at a fixed temperature but also the activation parameters (ΔH‡ and ΔS‡) of 1 and 

2 for OAT and HAT reactions were determined to demonstrate how different electronic 

configurations between 1 and 2 affect the reactivity and the activation parameters. Thus, the 

present study provides valuable insights into the structure and reactivity of Co−O complexes 

with different electronic configurations. In particular, our findings provide detailed insights 

into secondary coordination sphere interactions that can not only tune the equilibrium 

between the metal-oxo and -hydroxo cores of late-transition metal complexes but also the 

reactivities in oxygen atom transfer and hydrogen atom transfer reactions depending on 

temperature.

EXPERIMENTAL SECTION

Materials.

All chemicals were purchased from Sigma-Aldrich Chemical Co., Alfa, and 

TCI. Chemicals are used as received unless otherwise noted. Solvents were 

distilled according to reported procedures under an Ar atmosphere prior to 

use.110 H4TAML (H4TAML = 3,4,8,9-tetrahydro-3,3,6,6,9,9-hexamethyl-1H-1,4,8,11-
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benzotetraazo-cyclotridecane-2,5,7,10-(6H,11H)-tetrone) was purchased from GreenOx 

Catalyst Inc. (Pittsburgh, PA).111 Iodosylbenzene (PhIO) was prepared by following 

the literature procedure.112 The starting cobalt(III) complex, Li[Co(TAML)]•3(H2O) 

was synthesized by following the literature procedure with readily available starting 

materials.69 H2
18O (98% 18O-enriched) and H2

17O (70% 17O-enriched) were purchased 

from Cambridge Isotope Inc. (USA).

Instrumentation.

UV-vis spectra were recorded with Hewlett Packard 8453 diode array spectrophotometers 

equipped with a UNISOKU Scientific Instruments Cryostat USP-203A for low-temperature 

experiments. Cold spray ionization time-of-flight mass (CSI-MS) spectra were collected 

on a JMS-T100CS (JEOL) mass spectrometer equipped with the CSI source. Typical 

measurement conditions are as follows: needle voltage: 2.2 kV, office 1 current: 50–500 

nA, office1 voltage: 0 to 20 V, ringlens voltage: 10 V, ion source temperature: 273 K, 

spray temperature: 233 K. The CSI-TOF mass spectra of 1 and 2 were observed by directly 

infusing the reaction solution into the ion source through a pre-cooled tube under high N2 

gas pressure. The samples were directly infused into the source at 20 μL/min to collect 

electrospray ionization mass (ESI MS) spectra on a Thermo Finnigan (San Jose, CA, 

USA.) LCQTM Advantage M.A.X. quadrupole ion trap instrument. The shower voltage 

was set at 3.7 kV and the slim temperature at 193 K. X-band CW-EPR spectra were 

recorded at 5 Kelvin using an X-band Bruker EMX-plus spectrometer equipped with a 

dual-mode cavity (ER 4116DM). The low temperature was achieved and controlled with an 

Oxford Instruments ESR900 liquid He quartz cryostat with an Oxford Instruments ITC503 

temperature and gas flow controller. The experimental parameters for EPR measurements 

were as follows: microwave power = 1.0 mW, modulation amplitude = 10 G, gain = 1 × 104, 

Microwave frequency = 9.647 GHz, and modulation frequency = 100 kHz. JEOL X-band 

spectrometer (JES-FA100) with microwave power = 1.0 mW, modulation amplitude = 1.0 

mT, microwave frequency = 9.028 GHz, time constant = 0.03 s, and modulation frequency 

= 100 kHz were used to record X-band electron paramagnetic resonance (EPR) spectra at 

temperatures ranging from 273 K to 193 K.

Generation of Cobalt-Oxygen Species.

The intermediates, [(Sol)(TAML•+)CoIII---OH(LA)]– (1) and [(H-TAML)CoIV=O(LA)]– 

(2) (Sol = solvent, LA = Lewis acid or Brønsted acid) were prepared by reacting 

Li[(TAML)CoIII]•3H2O with PhIO (3.0 equiv), followed by the addition of Lewis acid 

(Sc(OTf)3 or Y(OTf)3; 2.0 equiv) or Brønsted acid (HOTf ; 5.0 equiv) to a reaction 

solution in acetone at 253 and 193 K, respectively. 1 for the CSI-MS measurements, which 

were recorded in positive mode, was prepared by reacting Li[(TAML)CoIII]•3H2O with 

PhIO (3.0 equiv dissolved in MeOH), followed by the addition of HOTf (2.0 equiv) in 

acetone at 233 K. 18O-labeled 1 was generated by incubating PhIO (3.0 equiv, dissolved 

in MeOH) in the presence of 18O-labeled water (5.0 μL, H2
18O) prior to the reaction 

with Li[(TAML)CoIII]•3H2O and HOTf (2.0 equiv). However, it should be noted that the 

CSI-MS spectrum of 2-Sc3+ previously reported was recorded in negative mode at 233 K.69 

2-Sc3+ was prepared by reacting Li[(TAML)CoIII]•3H2O with PhIO (3.0 equiv dissolved in 
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MeOH), followed by the addition of Sc(OTf)3 (3.0 equiv) in acetone:CH3CN (4:1) at 233 

K.69

Pulse EPR Spectroscopy.

All Pulse EPR measurements were carried out at Korea Basic Science Institute (KBSI) 

in Seoul, Korea. 17O-labeled 2-Sc3+ was synthesized by incubating PhIO (3.0 equiv) 

in the presence of 17O-labeled water (5.0 μL, H2
17O) prior to its reaction with 

Li[(TAML)CoIII]•3H2O (2.0 mM) and Sc(OTf)3 (2.0 equiv) in acetone/CH2Cl2 (v/v = 1:1) 

at 213 K. EasySpin was used for the simulations of the EPR spectra.113 9/34 GHz (X/Q-

band) Pulse EPR data were obtained on a Bruker Elexsys E580 spectrometer and Cryogenic 

temperatures were achieved with an Oxford CF-935 cryostat and Oxford ITC temperature 

controller. 9 GHz (X-band) pulse EPR data were acquired using a Bruker EPR 4118X-MD5 

dielectric ring resonator. The measurements were conducted at 5 K. The X-band HYSCORE 

experiments were carried out using a four-pulse sequence, π/2-τ-π/2-t1-π-t2-π/2-τ-echo, 

with pulse length tπ/2 = 16 ns and tπ = 32 ns. The τ value was fixed but t1 and t2 were varied 

with a step size of 16, 32 ns. 34 GHz (Q-band) pulse EPR data were collected using an 

EN5107D2 resonator. The measurements were conducted at 20 K. The 17O Davies ENDOR 

were performed using the π-T-π/2-τ-π-echo, with microwave pulse lengths of tπ/2 = 50 ns, 

tπ = 100 ns and an inter-pulse time of τ = 300 ns. In this sequence, the RF power is applied 

during the time T (40 μs) to drive nuclear spin transitions. The repetition time was 6 ms. CW 

W-band (94 GHz) EPR data were obtained on a Bruker Elexsys E680 spectrometer with a 

cylindrical high Q-resonator (EN680–1021H) and cryogenic temperatures were achieved 

with an Oxford CF-935 cryostat and Oxford MercuryiTC temperature controller. The 

spectrum was obtained with the following experimental parameters: microwave frequency, 

93.954 GHz; microwave power, 0.5 μW; modulation amplitude, 10 G; time constant, 81.92 

ms; 16 scans. The measurements were conducted at 80 K.

Absorption and MCD Spectroscopies.

A homogenous sample of intermediate 1 was prepared by reacting Li[(TAML)CoIII]•3H2O 

(2.0 mM) with PhIO (3.0 equiv) in the presence of Y(OTf)3 (2.0 equiv) in TFE/acetone 

(v/v = 19:1) at 233 K and then frozen in liquid nitrogen. Similarly intermediate 

2-Sc3+ was prepared by addition of Sc(OTf)3 (2.0 equiv) to a reaction mixture of 

Li[(TAML)CoIII]•3H2O (2.0 mM) and PhIO (3.0 equiv) in acetone/toluene (v/v = 1:2) at 

233 K and then frozen in liquid nitrogen. The mixed solvents were necessary for preparing 

glassy samples with optical transparency. By comparing UV-vis spectra before and after 

freezing, the equivalence of the frozen and solution samples was confirmed (Figure S31). 

The spectra were collected on a JASCO J1500 CD spectrometer coupled to a Cryomagnetics 

C-Mag Vari-7s cryomagnet, which provided a longitudinal magnetic field up to ± 7 T. 

Variable-temperature, variable-field MCD intensity variations were simulated by utilizing 

published procedures.99,113

Resonance Raman Spectroscopy.

A homogenous sample of intermediate 1 was prepared by the addition of Y(OTf)3 (2.0 

equiv) to a reaction mixture of Li[(TAML)CoIII]•3H2O (4.0 mM) and PhIO (3.0 equiv) in 
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TFE/acetone (v/v = 19:1) at 233 K (sample A in Figure S15a). Intermediate 2 was prepared 

by addition of HOTf or DOTf (5.0 equiv) to a reaction mixture of Li[(TAML)CoIII]•3H2O 

(2.0 mM) and PhIO (3.0 equiv) in acetone/toluene (v/v = 1:2) at temperature below 

193 K (sample B193K). This sample at 233 K though had contributions from both 1 
and 2 (sample B233K, Figure S15a). The Raman spectra collected with near-UV laser 

excitations were measured on an Andor SR-500i imaging spectrometer equipped with 

a 1800 l/mm grating, an Andor iDUS DU420A-BU2 detector, and Changchun New 

Industries optoelectronics 355, 405, and 442 nm lasers. The spectra measured with visible 

laser excitations were obtained on an Andor SR-750-A-R spectrometer equipped with a 

1,200 l/mm grating, an AndoriVac DR-316B-LDCDD-RES detector, and Changchun New 

Industries optoelectronics 532 nm laser. The spectra obtained with near-IR laser excitations 

were collected with an Andor SR-303i spectrometer equipped with a 1,200 l/mm grating, 

an Andor iVac DR-324B-FI-RES detector, and an Innovative Photonic Solutions 830 and 

633 nm lasers. The temperature of samples was controlled with a Linkam LNP96-S liquid 

nitrogen pump and a Linkam T96-S temperature controller.

X-ray Absorption Spectroscopy.

Intermediate 1 was prepared by the addition of Y(OTf)3 (2.0 equiv) to a reaction mixture 

of Li[(TAML)CoIII]•3H2O (5.0 mM) and PhIO (3.0 equiv) in TFE/acetone (v/v = 19:1) at 

233 K. Intermediate 2-Sc3+ was prepared by addition of Sc(OTf)3 (2.0 equiv) to a reaction 

mixture of Li[(TAML)CoIII]•3H2O (2.0 mM) and PhIO (3.0 equiv) in acetone at 193 K. 

Intermediate 2-Y3+ was prepared by addition of Y(OTf)3 (2.0 equiv) to a reaction mixture of 

Li[(TAML)CoIII]•3H2O (2.0 mM) and PhIO (3.0 equiv) in acetone at 193 K. Solutions were 

injected into aluminum sample holders between widows made from Kapton tape, and frozen 

in liquid nitrogen. Cobalt K-edge X-ray absorption spectra of 1 and 2 were subsequently 

measured at the Canadian Light Source (Saskatoon, Saskatchewan, CA) on beamline 07ID-2 

(BioXAS-Spectroscopy) with temperatures maintained using an Oxford liquid He cryostat at 

20 K. Spectra were collected with a 32 element solid-state Ge detector (Canberra) with an 

Fe-filter placed between the sample and detector and calibrated against the first inflection 

point of the Co-foil (7709.0 eV), which was simultaneously collected with the data. Data 

were collected in 10 eV steps in the far pre-edge region (7508 – 7700 eV, 1 s integration 

time), 0.3 eV steps in the pre-edge region (7700 – 7725 eV, 2 s integration time), 1.0 eV 

steps in the edge region (7725 – 7755 eV, 2 s integration time), 2.0 eV steps in the near 

post-edge region (7755 – 8000 eV, 3 s integration time), and 0.05 k steps in the far post edge 

region (8000 eV – 16.0 Å–1, extrapolated from 3 – 9 s integration time). As a consequence 

of photodamage to the sample, the 1 x 1 mm beam was moved after every other scan. Total 

fluorescence counts were maintained under 50 kHz, and a deadtime correction yielded no 

change to the data. The reported spectra are the averaged spectra of either 10 (for 1) or 6 (for 

2) individual data sets. Prior to data averaging, each spectrum and individual data channel 

was inspected for data quality. The reported fits are based on an analysis of the data over the 

range of k = 2.2 – 15.0 Å–1 and are models on the unfiltered k3 EXAFS data as previously 

reported.114
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Computational Details.

This work reports on multiple sets of quantum chemical calculations that employed 

different levels of theory: (i) Geometry optimizations, single point energy calculations, 

vibrational frequency calculations and electronic absorption spectra simulations on the level 

of Density Functional Theory (DFT) and (ii) single-point multireference electronic structure 

calculations including the evaluation of molecular g-tensors.

(i) DFT calculations reported on in the context of rR (see Figure 9) and MCD (see 

Figure 8) spectra simulations were carried out with the Jaguar 9.1 suite.115 Geometry 

optimizations were performed with B3LYP-D3 functional116–121 and the 6–31G** basis 

set122 for main group atoms. Co and Sc were represented using the Los Alamos LACVP 

basis.123–126 Additional single-point calculations reevaluated the energies of the optimized 

structures on each optimized geometry with Dunning’s correlation consistent triple-ζ basis 

set cc-pVTZ(-f),127 which includes a double set of polarization functions. For Co and Sc, 

we used a modified version of LACVP, designated as LACV3P, in which the exponents were 

decontracted to match the effective core potential with triple-ζ quality. Solvation energies 

were evaluated by a self-consistent reaction field (SCRF) approach based on accurate 

numerical solutions of the Poisson−Boltzmann equation. In the results reported, solvation 

calculations were carried out with the 6–31G**/LACVP basis at the optimized gas-phase 

geometry employing the dielectric constants of ε = 20.7 for acetone. As is the case for all 

continuum models, the solvation energies are subject to empirical parametrization of the 

atomic radii that are used to generate the solute surface. We employed the standard set 

of optimized radii in Jaguar for H (1.150 Å), C (1.900 Å), N (1.600 Å), F (1.682 Å), S 

(1.900 Å), Sc (1.647 Å), and Co (1.436 Å). Analytical vibrational frequencies within the 

harmonic approximation were computed with the 6–31G**/LACVP basis to confirm proper 

convergence to well-defined minima or saddle points on the potential energy surface. The 

energy components have been computed with the following protocol. The free energy in 

solution-phase, G(sol), has been calculated as follows:

G sol = G gas + Gsolv

(1)

G gas = H gas − TS gas

(2)

H gas = E SCF + ZPE

(3)

ΔE SCF = E SCF P − E SCF R

(4)
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ΔG sol = G sol P − G sol R

(5)

where E SCF P and E SCF R values indicate E SCF  values for products and reactants, 

respectively, and G sol P and G sol R values indicate G sol  values for products and 

reactants, respectively.

An additional set of DFT calculations on 1 and 2 was performed using the ORCA program 

package (version 5.0.3).128 2During these additional calculations the def2-TZVP basis set 

was used for Co, its four ligating N atoms and the axially bound O atom. For all other 

atoms, the def2-SVP basis set was used.129 As in the aforementioned set of calculations, the 

B3LYP functional was employed. The computation of Coulomb and exchange integrals was 

accelerated by means of the Resolution-of-the-identity (RIJ) approximation and the chain-

of-spheres (COSX) approximation, respectively (RIJCOSX).130–134 In the context of the RIJ 

approximation the def2/J auxiliary basis set was utilized.135 Solvation effects were modeled 

with the Conductor-like polarizable continuum model (CPCM).136,137 DFT energies were 

corrected by Grimme’s D3 correction with Becke-Johnson damping (D3BJ).121 XANES 

spectra were simulated within the time-dependent DFT framework.138

(ii) All reported multireference (MR) electronic structure calculations were conducted 

with the ORCA program package and used the same combination of def2-TZVP, def2-

SVP and def2/J basis sets outlined above. In here, we have adopted the conventional 

CASSCF(m,n) notation for complete active space self-consistent field calculations where m 

is the number of active electrons while n is the number of active orbitals. The (13, 9) active 

space used in this work was chosen through a combination of the ASS1ST method and 

chemical intuition.139,140 The active orbitals comprise a combination of Co d-orbitals and 

ligand-based π orbitals (See Supporting Information). All reported CASSCF calculations 

incorporated 10 doublet states in a state-averaged fashion. Dynamic electron correlation 

effects were accounted for by the strongly contracted variant of second order N-electron 

valence perturbation theory (SC-NEVPT2).141 On top of the non-relativistic CASSCF + 

SC-NEVPT2 calculations, spin-orbit coupling (SOC) effects were taken into account by 

means of a quasi-degenerate perturbation theory Ansatz in the basis of the computed 

10 doublet states.142 This approach can be regarded as a molecular equivalent to atomic 

Russell-Saunders coupling. During the evaluation of the SOC Hamiltonian matrix elements 

the spin-orbit mean field (SOMF) approximation was used.143,144 Moreover, it should be 

noted that the required spin-density matrices were obtained on the CASSCF level of theory 

while the diagonal energies in the Born-Oppenheimer Hamiltonian matrix HBO are the 

SC-NEVPT2 state energies. Finally, the molecular g-tensors were computed on the basis of 

the lowest Kramer’s doublet as described elsewhere in detail. 107,145,146

Reactivity Studies of 1 and 2.

The kinetic experiments were run at least in triplicate, and the data reported represent the 

average of these reactions. Rate constants for sulfoxidation (thioanisoles) and HAT reactions 

(1,4-cyclohexadiene and 2,6-DTBP) were determined under pseudo-first-order conditions 
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(i.e., [substrate]/[intermediate] > 10) by fitting the changes in absorbance for disappearance 

of peaks at 600 nm due to 1 and 950 nm due to 2. Intermediate 1 was generated by 

reacting Li[CoIII(TAML)]•3H2O (1.0 mM) with PhIO (3.0 equiv) and HOTf (5.0 equiv) in 

acetone at various temperature (263–233 K) and then reacted it with substrates at variable 

temperatures. Intermediate 2 was generated by reacting Li[CoIII(TAML)]•3H2O (1.0 mM) 

with PhIO (3.0 equiv) and HOTf (5.0 equiv) in acetone at 193 K to generate 100 % 2 and 

then transferred it to various temperature (233–193K) and reacted it with substrates.

Product Analysis.

Products produced in the oxidation of thioanisole, 1,4-cyclohexadiene and 2,6-DTBP by 1 
and 2 were analyzed by GC. 18O labelled product in sulfoxidation reactions were analyzed 

by GC-MS. Product yields were determined by comparing the peak areas of sample products 

in GC and GC-MS chromatograms against standard curves prepared with known authentic 

references. The inorganic cobalt products obtained in the oxidation of substrates by cobalt 

intermediates were also analyzed by EPR and ESI-MS spectroscopies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
UV-vis spectral changes showing the conversion of 1 (blue line) to 2 (green line) and vice 

versa by changing the reaction temperatures from (a) 253 K to 193 K (inset: 600 nm, green 

circles) and (b) 193 K to 253 K (inset: 600 nm, blue circles). The sigmoidal time trace 

in inset is due to the time for increasing the solution temperature. (c) Reversible spectral 

changes in the time course monitored at 600 nm by changing the reaction temperature 

from 253 K to 193 K (1, 3, and 5; green circles) and 193 K to 253 K (2, 4, and 6; blue 

circles). Intermediate 1 was generated by adding PhIO (3.0 equiv) and HOTf (5.0 equiv) to 

[(TAML)CoIII]– (0.10 mM) in acetone at 253 K.
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Figure 2. 
A van’t Hoff plot of the equilibrium constant between 1 and 2 in the presence of HOTf in 

acetone. Intermediates 1 was generated by the addition of HOTf (5.0 equiv.) to a reaction 

mixture of Li[(TAML)CoIII].3H2O (0.20 mM) and PhIO (3.0 equiv.) in acetone at 253 K.

Malik et al. Page 30

J Am Chem Soc. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Plot of K for interconversion between 1 and 2 vs concentration of HOTf in acetone at 233 

K. Intermediates 1 was generated by the addition of HOTf (0.40 – 4.0 mM) to a reaction 

mixture of Li[(TAML)CoIII]•3H2O (0.20 mM) and PhIO (0.60 mM) in acetone at 253 K.
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Figure 4. 
Solution EPR spectra of 1 and 2 obtained in the reaction of [(TAML)CoIII]– (4.0 mM) and 

PhIO (3.0 equiv) in the presence of HOTf (5.0 equiv) in acetone at (a) 273 K, (b) 233 K, 

and (c) 193 K. Black dotted lines in (a) and (c) show the simulated spectra with simulation 

parameters of gavg = 2.2449 and Aavg = 24 MHz for 1 and gavg = 1.9973 and Aavg = 28 MHz 

for 2.
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Figure 5. 
X-band CW-EPR spectra of (a) 2 (black line) produced in the reaction of [(TAML)CoIII]– 

(1.0 mM) and PhIO (3.0 equiv) in the presence of HOTf (5.0 equiv) in acetone at 193 K 

(inset shows an expansion of the 3100–3300 G region) and (b) 1 (black line) produced in the 

reaction of [(TAML)CoIII]– (1.0 mM) and PhIO (3.0 equiv) in the presence of Y(OTf)3 (2.0 

equiv) in TFE/acetone (v/v = 19:1) at 253 K. EPR spectra were recorded at 5 K. Red lines 

show the simulated spectra.
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Figure 6. 
Left: Edge-region of the cobalt K-edge X-ray absorption spectra of [(TAML)CoIII]– (black 

spectrum), 1 (blue spectrum), and 2 with Sc(OTf)3 (2-Sc3+, red spectrum) and 2 with 

Y(OTf)3 (2-Y3+, green spectrum). The inset depicts the pre-edge peak corresponding to the 

nominal Co(1s → 3d) transition of 1 and 2. Right: The magnitude k3 FT and unfiltered k3 

EXAFS spectra of 1 (top), 2-Sc3+ (middle), and 2-Y3+ (bottom). The experimental data are 

depicted as the red solid lines and the best fit to the experimental data are depicted as the 

dashed black lines.
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Figure 7. 
(a) 34 GHz 17O Davies ENDOR spectra of 2 (solid black lines) and its simulated spectra 

(dashed red lines). (b) 9 GHz HYSCORE spectrum (upper) and its simulation (lower).
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Figure 8. 
(a) 7 T magnetic circular dichroism and (b) electronic absorption spectra of [(TAML)CoIII]– 

(purple) in butyronitrile at 40 K, 1 (blue) in TFE/acetone (v/v = 19:1) at 5 K, and 2 (green) 

in a mixed solvent of acetone/toluene (v/v = 1:2) at 5 K.
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Figure 9. 
(a) rRaman spectra of [(TAML)CoIII]– in acetonitrile at room temperature obtained with 

532-nm laser excitation (top), 1 in TFE/acetone (v/v = 19:1) at 233 K obtained with 532 

nm laser excitation (middle), and 2 in acetone at 193 K obtained with 830 nm (bottom 

left) and 633 nm (bottom right) laser excitation. Features from solvents are presented in 

black lines. (b) HOMO of [(TAML)CoIII]–, which becomes SOMO upon oxidation to 1 
and 2. (c) DFT-calculated normal modes corresponding to the Raman features (i) and (ii). 

Experimental and DFT-calculated frequencies are given in cm–1.
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Figure 10. 
Important configurations for the discussion of the electronic ground states of 1 and 2. The 

electronic ground state of 1 and its spectroscopic properties are dominated by configurations 

B and C. In contrast, configurations D and E are most prominent in the electronic ground 

state of 2. Note that the configurations with a hole in dyz rather than dxz are degenerate with 

B and E.
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Figure 11. 
Hammett plots of log k2 against σp values of para-substituents of thioanisole derivatives for 

sulfoxidation of para-X-substituted thioanisoles, p-X-C6H4SCH3 (X = OMe, Me, H, F, and 

Cl), by 1 (blue trace) and 2 (green trace) in acetone at 233 K.
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Figure 12. 
Eyring plots of the rate constants (k2) of oxygen atom transfer (OAT) from thioanisole to 1 
in acetone at various temperatures [blue circles: (1) 263 K, (2) 253 K, (3) 243 K, (4) 233 

K, and (5) 223 K] and OAT from thioanisole to 2 in acetone at various temperatures [green 

circles: (6) 233 K, (7) 223 K, (8) 213 K, (9) 203 K, and (10) 193 K].
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Figure 13. 
Eyring plots of the rate constants (k2) of O-H bond activation from 2,6-di-tert-butylphenol 

(2,6-DTBP) to 1 in acetone at various temperatures [blue circles: (1) 263 K, (2) 253 K, (3) 

243 K, (4) 233 K, and (5) 223 K] and O-H bond activation from 2,6-DTBP to 2 in acetone at 

various temperatures [green circles: (6) 233 K, (7) 223 K, (8) 213 K, (9) 203 K, and (10) 193 

K].
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Scheme 1. 
Molecular Structures of Reported Cobalt-Oxo Complexes
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Scheme 2. 
Proposed Structures of Intermediates 1 and 2 and Their Equilibrium Depending on Reaction 

Temperatures
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Table 1.

Important Contributions (> 20%) to the Electronic Ground States of 1 and 2 (see Figure 10) and giso Values as 

Predicted by NEVPT2(13,9) Calculations

d(Co-O) a contribution b g iso

1 (5-coord) 2.40 Å 78 % C 2.00

1 (6-coord) 2.50 Å 28 % A, 29 % B, 20 % C 2.41

2 1.85 Å 25% D, 20% E 2.08

a
A more extensive data set is given in the Supporting Information.

b
The missing contributions comprise configurations A-E as well as other excited configurations.

J Am Chem Soc. Author manuscript; available in PMC 2024 July 01.


	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	EPR Spectroscopy.
	CSI-MS Spectrometry.
	XAS Spectroscopy.
	Pulse EPR Spectroscopy.
	Magnetic Circular Dichroism Spectroscopy.
	Resonance Raman Spectroscopy.
	Theoretical Studies.
	Reactivity Studies of 1 versus 2.

	CONCLUSION
	EXPERIMENTAL SECTION
	Materials.
	Instrumentation.
	Generation of Cobalt-Oxygen Species.
	Pulse EPR Spectroscopy.
	Absorption and MCD Spectroscopies.
	Resonance Raman Spectroscopy.
	X-ray Absorption Spectroscopy.
	Computational Details.
	Reactivity Studies of 1 and 2.
	Product Analysis.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.
	Figure 13.
	Scheme 1.
	Scheme 2.
	Table 1.

